Osteoporosis is a skeletal disease mainly affecting women over 50 years old and it represents a serious public health problem because of the high socioeconomic burden. This disease is characterized by deterioration of bone microarchitecture, low bone mineral density (BMD), and increased risk of fragility fractures. This study aimed to identify serum useful proteins as biomarkers for the diagnosis and/or prognosis of osteoporosis and fracture risk. We collected 446 serum samples from postmenopausal women aged ≥45 years old. Based on the BMD measurement, we classified the participants into three groups: osteoporotic, osteopenic, and normal. In an initial discovery stage, we conducted a proteomic approach using two-dimensional differential gel electrophoresis (2D-DIGE). The peptides into the spots of interest were identified through matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF/TOF). Enzyme-linked immunosorbent assay (ELISA) was performed to validate the proteins of interest. We identified 27 spots of interest when comparing low BMD versus normal BMD postmenopausal women. Based on their relevance in bone metabolism, we analyzed three proteins: ceruloplasmin (CP), gelsolin (GSN), and vitamin D-binding protein (VDBP). Our results demonstrated that low serum VDBP levels correlate with low BMD (osteopenic and osteoporotic). Therefore, VDBP could be considered as a novel, potential, and non-invasive biomarker for the early detection of osteoporosis.
2D DIGE and Image Analysis
Five samples from each group were pooled to make two pools for each condition, in total there were 10 samples from each group, i.e., normal, osteopenia, and osteoporosis were used for an initial discovery stage. Each pool was quantified and labeled according to CyDye DIGE minimal protocol (GE Healthcare, Chicago, IL, USA). Briefly, 50 µg of protein from each pool were labeled using 400 pmol of fluorescent cyanine dyes. Besides, an internal standard containing the same amount of protein was labeled with Cy2 (Table S2 ). The internal standard was run on all the DIGE gels to assess the reproducibility and minimize gel-to-gel variation.
First-dimension isoelectric focusing (IEF) was done on immobilized pH gradient (IPG) strips 4-7, 24 cm (Bio-Rad), rehydration was carried out overnight at room temperature. After rehydration, isoelectric focusing was performed with an Ettan IPGphor 3 system (GE Healthcare). The IPG strips were then equilibrated in equilibration buffer (80 mM dithiothreitol and 169 mM iodoacetamide) for 15 min. After equilibration, proteins were separated in the second dimension by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 12% gels on an Ettan DALT-Twelve electrophoresis system (GE Healthcare) and directly scanned using the Ettan DIGE Imager (GE Healthcare). For differential expression analysis, the images were normalized and analyzed using the DeCyder 2D software (V 6.5) (GE Healthcare), see supplementary material for further details. To identify significant changes in protein expression between experimental groups, we used the differential in-gel analysis (DIA) module followed by the biological variation analysis (BVA) module. For the analyses, each Cy3 or Cy5 gel image was assigned to an experimental condition, either control, osteopenic, or osteoporotic, and all Cy2 images were classified as internal standards. The gel with the highest spot count was assigned as the master gel. Matching between gels was performed utilizing the in-gel standard in each image pair. Landmarking and manually confirming potential spots of interest further improved matching. Statistical analysis was performed in "protein table mode" in the BVA module, it included the student's t-test, analysis of variance (ANOVA), fold change calculation, and false discovery rate (FDR) adjustment. FDR aims to achieve an acceptable ratio of true and false positives. An FDR rate of 5% means that, on average, 5% of changes identified as significant would be expected to have arisen from type-one errors [20] . The student's t-test was performed for every matched spot-set, comparing the average and standard deviation of protein abundance for a given spot. Statistical significance was considered when fold change values were ≥1.5 and p values ≤ 0.05.
Protein Identification by MALDI TOF/TOF Mass Spectrometry
The spots of interest were manually excised from the gels and dried at room temperature with 100% acetonitrile (ACN) for 5 min. Thereafter, proteins were cleaved using mass spectrometry grade trypsin to produce tryptic peptides (Promega, Madison, WI, USA). In-gel digestion was initiated by the addition of trypsin (20 µg/µL) buffer for 1 h at 4 • C, afterwards, the suspension was incubated overnight at 37 • C. Isolated peptides were centrifuged and reconstituted with 5% formic acid/50% ACN. A ZipTip pipette tip containing C18 resin (Millipore, Billerica, MA, USA) was used for clearance of chemical reagents and eluted with 50% ACN/0.1% Trifluoroacetic Acid (Sigma-Aldrich, St. Louis, MO, USA). Spectra were acquired using a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems/AB Sciex, Waltham, MA, USA), see supplementary material for further details. Protein identification was performed by peptide mass fingerprinting using the ProteinPilot software version 2.0 (AB Sciex, Framingham, MA, USA) with the built-in Paragon algorithm as the search engine. Results of MS/MS were compared against "Homo sapiens" species using the UniProt database.
ELISA Analysis
Serum VDBP, CP, and GSN protein levels from the postmenopausal women analyzed in the initial discovery stage (n = 10, per group) and 44 more women from the HWCS, were assessed by ELISA using a commercial kit (Cat No. DBDBP0B, R&D Systems, Inc., Minneapolis, MN, USA, Cat No. E-EL-H0152 and E-EL-H1786, Elabscience Biotechnology Co., Ltd. Houston, TX, USA, respectively), following the manufacturers' instructions. As VDBP significantly discriminates between normal, osteopenia, and osteoporosis groups, we performed a validation analysis of the remaining serum samples (n = 395) from the HWCS, to complete a total of 425 samples. VDBP was also assessed in the women with fragility fractures (n = 21).
Statistical Analysis
Analyses of clinical variables between study groups were carried out through ANOVA or the Dunn test. Protein levels from ELISA analysis were calculated by one-way ANOVA or Dunnett's/Dunn's multiple comparisons test in GraphPad Prism 5 (GraphPad Software, Inc. San Diego, CA, USA). We performed a logistic regression model for osteopenia/osteoporosis and the potential biomarkers (VDBP, CP and GSN), adjusted by age and body mass index, to generate a predictor of the model by which we estimated the receiver operating characteristic (ROC) curve. The receiver operating characteristic curve (ROC) was calculated and a cutoff value that best discriminated women with low BMD (osteopenia/osteoporosis) from normal postmenopausal women was obtained. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were estimated with a confidence interval of 95%. A p-value <0.05 was considered statistically significant. The statistical analyses were performed using Stata version 13.0 software (StataCorp LP, College Station, TX, USA).
Results

2D-DIGE Differential Protein Expression Analysis
After the 2D-DIGE analysis, a total of 365 spots were detected across all three analyzed groups (data not shown). Protein profiles were compared between the OS or OP groups versus the NOR group. When comparing OP versus NOR through differential in-gel analysis (DIA), we identified 109 differentially expressed spots based on a fold change of ≥1.5, but only 6 spots reached statistical significance (p ≤ 0.05). In contrast, a total of 120 spots had a ≥1.5-fold change difference between OS and NOR, but only 28 spots reached statistical significance (p ≤ 0.05). We also performed a comparison between OP versus OS, identifying 59 spots with fold change ≥1.5, from these, 5 spots had a significant p-value. Furthermore, we observed differences among the study groups for multiple spots from some proteins that did not reach statistical significance. Thus, in an attempt to identify proteins related to BMD variation, additional spots were included in the MALDI-TOF/TOF analysis, based only on their fold change. Additionally, with this strategy, we identified a total of 28 spots in the SDS-PAGE gels through pairwise comparisons of the three studied groups (Figure 1a ).
MALDI-TOF/TOF Protein Identification Analysis
To identify the proteins present in the 28 differentially expressed spots from the 2D-DIGE analyses, the spots were manually excised for mass spectrometry analysis. We successfully identified the peptides present in 27 of the 28 spots by MALDI-TOF/TOF. The remaining spot produced virtually empty spectra, probably due to its small amount of protein; therefore, no peptides could be identified. The protein-pilot software was used to interrogate the UniProt database. Supplementary Table S3 summarizes the 27 proteins identified and the fold change observed when comparing postmenopausal women with low BMD versus normal BMD. The ID Match in the table corresponds to those indicated in the preparative 2-D PAGE gel shown in Figure 1a . Arrows and numbers mark the spots with differential expression. (b-i) Three-dimensional (3D) images and graphical representation of selected serum proteins with statistically significant (p < 0.05) differential expression when comparing osteopenia or osteoporosis women to the normal group. Data are represented as mean ± standard deviation (SD), graphs show the decrease/increase in the standardized log abundance of spot intensity in the groups of study.
To identify the proteins present in the 28 differentially expressed spots from the 2D-DIGE analyses, the spots were manually excised for mass spectrometry analysis. We successfully identified the peptides present in 27 of the 28 spots by MALDI-TOF/TOF. The remaining spot produced virtually empty spectra, probably due to its small amount of protein; therefore, no peptides could be identified. The protein-pilot software was used to interrogate the UniProt database. Supplementary  Table S3 summarizes the 27 proteins identified and the fold change observed when comparing postmenopausal women with low BMD versus normal BMD. The ID Match in the table corresponds to those indicated in the preparative 2-D PAGE gel shown in Figure 1a .
We identified 16 down-regulated and 11 up-regulated proteins (Table S3 and peptides identification in Table S4 ). The 27 spots represented a total of 12 different proteins. Some proteins were present in more than one spot. We found that six proteins met the selection parameters (fold change ≥ 1.5 and p-value ≤ 0.05): ceruloplasmin (CP), kininogen 1 (KNG1), gelsolin (GSN), carbonyl reductase (NADPH) 1 (CBR1), epididymis secretory protein Li 51 (HEL-S 51), and serpin peptidase Arrows and numbers mark the spots with differential expression. (b-i) Three-dimensional (3D) images and graphical representation of selected serum proteins with statistically significant (p < 0.05) differential expression when comparing osteopenia or osteoporosis women to the normal group. Data are represented as mean ± standard deviation (SD), graphs show the decrease/increase in the standardized log abundance of spot intensity in the groups of study.
We identified 16 down-regulated and 11 up-regulated proteins (Table S3 and peptides identification in Table S4 ). The 27 spots represented a total of 12 different proteins. Some proteins were present in more than one spot. We found that six proteins met the selection parameters (fold change ≥ 1.5 and p-value ≤ 0.05): ceruloplasmin (CP), kininogen 1 (KNG1), gelsolin (GSN), carbonyl reductase (NADPH) 1 (CBR1), epididymis secretory protein Li 51 (HEL-S 51), and serpin peptidase inhibitor C (SERPINC1). HEL-S 51 (also known as vitamin D-binding protein, VDBP) was identified with the lowest fold change, on average −1.9, and the highest protein coverage ( Table 2 ). We conducted a comprehensive literature review in the Medline database for these six proteins, to investigate their relevance regarding bone metabolism and their potential use as biomarkers. The proteins GSN, CP, and VDBP have previously been related to bone metabolism and proposed as potential biomarkers to identify BMD variation [21] [22] [23] [24] [25] [26] [27] . Additionally, we included other proteins with a role in bone remodeling or metabolism, as described in previous studies, such as alpha-2-S-glycoprotein (AHSG) [28, 29] , alpha-1-antitrypsin (SERPINA1) [30] , and haptoglobin (HP) [31] . These proteins showed ≤1.5-fold change; however, they did not reach statistical significance ( Supplementary Table S3 and Supplementary Figure S2 ). Finally, the three proteins fulfilling the fold change and p-value criteria (Figure 1b -i) and with relevance, according to the literature, were GSN, VDBP, and CP. These proteins were selected for validation analysis.
Gelsolin (GSN), Vitamin D-Binding Protein (VDBP), Ceruloplasmin (CP), and ELISA Validation
Based on the results obtained through proteomic analysis (initial discovery stage), we decided to quantify VDBP, GSN, and CP proteins by ELISA (NOR: n = 26, OS: n = 29, OP: n = 19) ( Table 1) . VDBP serum levels in the OS and OP groups were significantly lower than the levels of the NOR group (p < 0.001) (Figure 2a ). CP serum levels were lower in the osteoporotic group compared to normal (p = 0.03) ( Figure 2b ). There was no difference in GSN serum levels between the three study groups (Figure 2c ). We conducted a comprehensive literature review in the Medline database for these six proteins, to investigate their relevance regarding bone metabolism and their potential use as biomarkers. The proteins GSN, CP, and VDBP have previously been related to bone metabolism and proposed as potential biomarkers to identify BMD variation [21] [22] [23] [24] [25] [26] [27] . Additionally, we included other proteins with a role in bone remodeling or metabolism, as described in previous studies, such as alpha-2-Sglycoprotein (AHSG) [28, 29] , alpha-1-antitrypsin (SERPINA1) [30] , and haptoglobin (HP) [31] . These proteins showed ≤1.5-fold change; however, they did not reach statistical significance ( Supplementary Table S3 and Supplementary Figure S2 ). Finally, the three proteins fulfilling the fold change and p-value criteria (Figure 1b -i) and with relevance, according to the literature, were GSN, VDBP, and CP. These proteins were selected for validation analysis.
Based on the results obtained through proteomic analysis (initial discovery stage), we decided to quantify VDBP, GSN, and CP proteins by ELISA (NOR: n = 26, OS: n = 29, OP: n = 19) ( Table 1) . VDBP serum levels in the OS and OP groups were significantly lower than the levels of the NOR group (p < 0.001) (Figure 2a ). CP serum levels were lower in the osteoporotic group compared to normal (p = 0.03) (Figure 2b ). There was no difference in GSN serum levels between the three study groups (Figure 2c ).
ROC-curve analysis showed an AUC for VDBP = 0.85 (95% confidence interval (CI), 0.77-0.94, p = < 0.001), CP = 0.69 (95% CI, 0.57-0.82, p = 0.003), and GSN = 0.66 (95% CI, 0.53-0.79, p = 0.02) ( Figure  2d ). On the other hand, after merging VDBP with CP and VDBP with GSN, the AUC values were 0.848 and 0.855, respectively. Furthermore, the analysis showed that VDBP plus CP and GSN did not improve the AUC value (0.85 (95% CI, 0.76-0.94, p = 0.001)), data not shown. ROC-curve analysis showed an AUC for VDBP = 0.85 (95% confidence interval (CI), 0.77-0.94, p = < 0.001), CP = 0.69 (95% CI, 0.57-0.82, p = 0.003), and GSN = 0.66 (95% CI, 0.53-0.79, p = 0.02) (Figure 2d ). On the other hand, after merging VDBP with CP and VDBP with GSN, the AUC values were 0.848 and 0.855, respectively. Furthermore, the analysis showed that VDBP plus CP and GSN did not improve the AUC value (0.85 (95% CI, 0.76-0.94, p = 0.001)), data not shown.
Serum VDBP Levels as a Potential Biomarker
Based on the differential expression of VDBP and the results of the ROC analysis, we selected VDBP for validation as a potential biomarker in all the postmenopausal women from the HWCS (n = 425). In addition, an independent group of patients with fragility fracture was included in the validation analysis (n = 21) (Table S1 ). A significant difference between the groups was observed (p < 0.001) (Figure 3a) . Moreover, we observed a significant positive correlation between VDBP levels and BMD (r = 0.23, p < 0.001). We generated a predictor of the model to estimate the sensitivity and specificity of the combination of these variables. ROC analysis showed an AUC of 0.81 (95% CI, 0.76-0.85, p < 0.001), sensibility of 70%, and specificity of 75%, with a cutoff of 260 µg/mL (Figure 3b ). Fracture samples were not included in this model because BMD values were not available. 
Discussion
Osteoporosis is a silent disease with non-detectable symptoms, until the occurrence of a fracture, which seriously decreases the quality of life and survival rate in the elderly. Diagnosis of osteoporosis and assessment of fracture risk are based on the analysis of BMD by DXA [32] . However, this 
Osteoporosis is a silent disease with non-detectable symptoms, until the occurrence of a fracture, which seriously decreases the quality of life and survival rate in the elderly. Diagnosis of osteoporosis and assessment of fracture risk are based on the analysis of BMD by DXA [32] . However, this measurement only provides information about bone strength. Besides, low BMD is considered a risk factor for fracture, not a disorder marker. The identification of molecules with potential use as biomarkers at the early stages of osteoporosis is a promising research area.
In this study, through a serum proteomics analysis on a population-based cohort of postmenopausal women, we identified 11 protein spot features that were increased, and 16 that were decreased, in serum from patients with OS and OP relative to the normal samples. A total of 12 serum proteins showed differential expression in the presence of OS and OP. Among the identified proteins showing significant changes in expression between NOR, OS, and OP samples, serum levels of CP, GSN, NADPH 1, and SERPINC 1 were usually lower in osteopenia than in the osteoporosis group. However, the opposite was observed for serum protein levels of KNG1, where higher levels were observed in osteopenia. Of these differentially expressed proteins, VDBP showed the most decreased levels in osteopenia and osteoporosis samples. This validation confirmed that the serum levels of these proteins were altered in women with osteopenia and osteoporosis.
Gelsolin is an actin-binding protein, a member of the superfamily of proteins which are Ca 2+ -dependent [33] . In the bone, GSN participates in the osteoclasts-podosome assembly [34] . To the best of our knowledge, there is only one report showing a negative correlation between plasma GSN levels and hip BMD, in Chinese postmenopausal women [21] . In our proteomic analysis, serum levels of GSN were decreased in the osteopenic and osteoporotic groups. However, when GSN serum levels were assessed by ELISA in a larger sample, the difference between groups did not reach statistical significance. These discrepancies could be related to the type of antibodies used for each assay, sample size, or, more likely, GSN levels could be influenced by other factors.
The physiological function of ceruloplasmin, (CP) includes copper transport, regulation of cellular iron levels, and antioxidant activity by eliminating reactive oxygen species, such as superoxide and hydroxyl radicals [35] . A recent study showed that CP activity was significantly higher in patients with osteoporosis compared to healthy individuals [36] . However, CP levels have never been investigated in osteoporosis patients. These results suggest that CP levels could be playing important roles in BMD loss, and therefore, in the physiopathology of osteoporosis. Additional studies are needed to validate whether serum CP levels may be involved in bone remodeling and eventually lead to the development of osteoporosis.
Vitamin D-binding protein is encoded by the GC gene, it is an alpha-2-globulin partially glycosylated that is produced at the liver and has a molecular weight of 52-59 kDa [37] . The best-recognized function of VDBP is to act as a carrier of vitamin D to reach target tissues for maintaining calcium homeostasis through the vitamin D endocrine system. The VDBP can bind with high affinity to 88% of circulating 25-hydroxyvitamin D (25 (OH) D). Moreover, VDBP is able to bind with low affinity to almost 85% of 1, 25-dihydroxyvitamin D (1, 25 (OH) D), the most active metabolite of vitamin D. The remaining fraction of vitamin D is bound to albumin and <1% of vitamin D exists in an unbound form into the bloodstream [37, 38] . In the present study, levels of VDBP were significantly lower in serum from postmenopausal women with low BMD (osteopenia and osteoporosis) and fracture. Our results allowed for establishing a cut-off point to discriminate osteopenic/osteoporotic individuals. Based on these results, serum VDBP could have a potential utility as a biomarker for the early detection of osteopenia and osteoporosis.
Most studies investigating the effects of VDBP on bone have focused mainly on characterizing VDBP polymorphism on circulating 25(OH)D and attempting to correlate them with bone health [39] [40] [41] . These studies have investigated three major polymorphic forms of VDBP: GC1F, GC1S, and GC2 (rs7041 and rs4588) [42] . These VDBP variants exhibit differences in affinity for 25(OH)D and 1,25(OH)2D, with the hierarchy of affinity binding GC1F > GC1S > GC2 [43] . On the other hand, experimental evidence has shown that some of these SNPs can influence VDBP serum levels [44, 45] . Based on this, altered serum VDPB levels observed in postmenopausal women with low BMD could be influenced by these polymorphisms [46] . Additional studies are needed to evaluate the association between variants in the GC gene, serum VDBP levels, and BMD variation.
These findings reinforce the importance of VDBP as a key player in bone metabolism, especially at the early stage of osteoporosis (osteopenia). Osteopenia is defined as a condition in which BMD is lower than normal, generally detected in younger women and increasing severely with age. The proteomic approach used in the present study provided us with a broader picture of the proteins involved in the pathophysiological process of osteopenia/osteoporosis, leading to the identification of VDBP and other previously described proteins, such as apolipoprotein AI [47] , ceruloplasmin, kininogen 1 [47] , alpha-2-HS-glycoprotein [28, 29] , serpin A1, and serpin A3 [30] . Further studies on VDBP are needed to determinate its role in bone remodeling and its importance as an early disease marker. Nonetheless, the protein identified is particularly important because it provides new insight on the variation of BMD and the disease development and may act as an early biomarker, specifically for the Mexican population, which could be related to the ethnic predisposition.
Our study had some limitations to consider. First, the sample size of fracture and osteoporotic postmenopausal women was relatively small, although it is similar to other reports of pilot proteomics studies focused on the search for biomarkers [47, 48] . These results should be validated in larger groups of osteoporotic postmenopausal women and other populations. Second, the serum sample amount available was also a limitation (initial discovery stage). An ideal design should have included biological and technical replicates. Due to the lack of samples complying with inclusion and exclusion criteria, we did not analyze individual samples. Instead, we decided to do the initial proteomics analysis performing sample pooling and then, validate the results with an independent cohort of postmenopausal women, on an individual basis through ELISA. Third, the protein coverage was 50%, maybe due to incomplete trypsin digestion, not optimal peptide ionization, and other factors (pH, temperature, and processing of the sample). Trypsin is unable to cleave C-terminal when an arginine or a lysine is directly followed by a proline. Digestion is also less effective for tightly folded proteins and membrane proteins because they possess just a few trypsin cleavage sites. Therefore, it would be necessary to introduce additional proteases to improve the qualitative proteome coverage [49] . This requires further experimental work which is beyond the scope of this study. Perhaps the most important limitation of the present work is the lack of follow-up. However, to validate the diagnosis efficacy of the three identified biomarkers (CP, GSN, and VDBP), a larger cohort study has to be performed. About this, we have plans to conduct future studies with increased sample sizes of patients with osteoporosis and osteoporotic fractures. Additional studies are necessary to analyze if serum VDBP levels in conjunction with the biochemical bone turnover markers (the bone formation marker N-terminal propeptide of type 1 collagen (PINP) and resorption marker carboxy-terminal cross-linking telopeptide of type I collagen (βCTX-I)) and known clinical risk factors could improve the sensitivity and specificity, as an early biomarker of the disease. This analysis will allow us to determine its potential clinical utility to identify the affected individuals at early stages of the disease, in the Mexican population.
Nevertheless, these results could be regarded as preliminary, so that a quantitative proteomics method could be an approach to be used in the future to solve these limitations.
Conclusions
In summary, the present study suggests that low serum levels of VDBP are associated with low BMD (osteopenia and osteoporosis) and osteoporotic fracture in Mexican postmenopausal women.
Here, we propose that serum VDBP has the potential to act as a marker associated with low BMD. VDBP could be a valuable resource for a better diagnosis, prognosis, and management of the disorders affecting BMD. A serum marker would prevent the need for performing a dual-energy X-ray absorptiometry, which implies exposure to radiation and expensive equipment. This finding is an initial step towards the identification of new non-invasive biomarkers. This knowledge will allow the development of new screening strategies for detecting the population at risk of suffering osteoporosis and fragility fractures.
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